Epigenetic control mechanisms play critical roles in organ development and tissue homeostasis. Increasing evidence suggests that cardiac lineage commitment and cardiovascular disease are tightly regulated by epigenetic mechanisms, controlling changes in DNA methylation, histone modifications, ATP-dependent chromatin remodeling, and expression levels for non-coding RNAs. This review summarizes our current understanding of epigenetic control mechanisms regulating cardiac development and disease, particularly focuses on the function of DNA methylation and demethylation through families of DNA methyltransferases and dioxygenases.
Background
Cardiovascular disease (CVD), the leading cause of death and disability in developed countries, arises primarily from loss of or damage to populations of cardiomyocytes (CMs). Much effort has been invested to explore strategies that could promote cardiac repair, including injection of human CMs derived from embryonic stem cells (hESCs) or induced pluripotent stem cells (iPSCs) into the heart, reprogramming of non-myocardial cells into CMs, and stimulation of CM proliferation. However, success with these applications remains limited by several obstacles including unstable differentiation efficiency, immaturity and poor survival after transplantation. Therefore, understanding mechanisms underlying normal cardiac development and initiation of CVD is important to develop novel therapeutic strategies for heart disease and regenerative medicine.
Cardiac development is exquisitely sensitive to the precise temporal regulation of thousands of genes that govern developmental decisions during lineage commitment, and disruption of transcriptional networks underlies abnormal cardiac development as well as CVD (1, 2) . Recently , several studies demonstrated that coordinated transition of epigenetic modifications plays a critical role in stagespecific gene expression during cardiac differentiation, with relevance to developmental birth defects including congenital cardiomyopathies (2) (3) (4) . The epigenetic landscape of the cardiac genome changes dramatically during CVD, demonstrating that epigenetic regulation also plays a previously unappreciated role in the pathogenesis of cardiac disease in adults (5, 6) . This review summarizes our current understanding of epigenetic control mechanisms regulating cardiac development and cardiovascular diseases, particularly focuses on the function of DNA methylation and demethylation through families of DNA methyltransferases and dioxygenases.
Epigenetic Regulation by DNA Methylation and Demethylation
In vertebrates, the most common DNA methylation event produces 5-methylcytosine (5mC) at CpG dinucleotide sites, which is important for proper gene expression, splicing and genome stability. DNA methylation, especially in promoter regions, is usually negatively correlated with gene activation (7) . DNA methyltransferases (DNMTs) are enzymes that catalyze the transfer of methyl groups typically from the S-Adenosyl methionine donor substrate onto cytosine to yield 5mC. In mammals, DNMT1 plays a role in maintaining DNA methylation during replication, while new DNA methylation patterns are established by de novo DNA methyltransferases, DNMT3A and 3B. Depletion of DNMT1 in hESCs initiates rapid, global loss of DNA methylation, followed by extensive cell death. Upon loss of DNMT3A and DNMT3B, hESCs retain pluripotency with distinct effects on the DNA methylation landscape (8) . Deletion of DNMTs in mice results in embryonic (Dnmt1, Dnmt3b) or postnatal (Dnmt3a) lethality, confirming their essential roles in development (9) (10) . Methylation of cytosine at non-CpG sites is rare in most mammalian cell types, but recent studies suggest non-CpG methylation is relatively abundant in embryonic stem cells and oocytes (11) (12) .
DNA demethylation can take place either passively or actively. Passive loss of 5mC can be achieved through DNA replication in the absence of functional DNMT1, which plays an important role in the global erasure of 5mC in the maternal genome during mouse preimplantation development and in the transition of human embryonic stem cells from primed to naïve state (13) (14) . 5mC can also be rapidly erased independently of DNA replication. In mammals, the ten-eleven translocation (TET) DNA dioxygenases (TET1, TET2, and TET3) were identified as the enzymes that convert 5mC to 5hydroxymethylcytosine (5hmC), and subsequently to 5-formylcytosine (5fC) and 5-carboxycytosine (5caC), to facilitate active DNA demethylation in specific biological settings (figure 1) (15) (16) . Depletion of all three TET genes in hESCs showed a complete loss of 5hmC yet the cells retained pluripotency. However, they failed to form teratomas, suggesting a particularly important role for differentiation (17) . In mice, inactivation of all three Tet genes leads to gastrulation phenotypes, including primitive streak patterning defects and impaired mesoderm development. TETs modulate Lefty-Nodal signaling by promoting demethylation in opposition to DNMT3A/B-mediated DNA methylation, demonstrating that dynamic DNA methylation and demethylation is critical in early body plan formation (18) . Lan and Evans 3 The step-wise cytosine modification pathway whereby DNMTs methylate 5C resulting in 5mC, which can be further modified by TET enzymes to 5hmC, 5fC, and 5caC. Enzymes of the TDG/BER pathway further excise and remove oxidized 5mC bases (5fC/5caC) to complete DNA demethylation.
Figure. 1 DNA methylation and demethylation metabolism
TDG, thymine-DNA glycosylase; BER, base-excision repair.
DNA Methylation and Cardiac Development
The heart is the first organ to form during mammalian embryogenesis. In mice, cardiogenesis begins around embryonic day (E) 6.5 shortly after gastrulation. Embryonic cardiomyocytes form from two embryonic fields: the first heart field gives rise to the left ventricle and some atrial tissue, while the second heart field gives rise to the right ventricle, outflow tract, interventricular septum and also contributes atria. Derived from a common early progenitor, nonmyocardial cells including endothelial and smooth muscle cells, add to the myocardial lineages to form the heart (1) (2) (3) . Several studies have associated DNA methylation with cardiac development using both animal model and in vitro culture systems. DNA methylation profiling of developing mouse embryonic hearts found that global methylation remains relatively stable between E11.5 and E14.5. However, differential methylation occurs at a small fraction of genes highly associated with cardiac development and revealing a regulatory relationship between differential DNA methylation and cardiac gene expression, including Has2, a gene required for heart valve formation (19) . In addition, genome-wide DNA methylation analysis comparing hESCs and hESCs-derived CMs showed that CMs display higher global DNA methylation levels compared with hESCs, with 985 genes showing increased levels and 195 genes showing decreased levels in promoter-associated mCpG levels (20) . 29 demethylated genes also exhibit upregulation in gene expression during CM differentiation. These genes are highly enriched in cardiac structural related GO terms, supporting the notion that genes encoding cardiac structural proteins are highly regulated by DNA methylation. Interestingly, the promoter regions of cardiac specific transcription factors (TF) maintain low methylation level in both hESCs and CMs, suggesting different epigenetic regulatory mechanisms for cardiac TFs and structural genes.
DNA methylation profiling was also performed comparing fetal, infant and adult human CMs to study the cardiac epigenome during prenatal development and postnatal maturation. From fetal to adult stages, loss of mCpG at cis-regulatory and genic regions is associated with increased expression of genes related with myofibril or sarcomere structures as well as contraction. In contrast, a developmental increase of mCpG is linked to decreased gene expression of primarily developmental genes, including genes related to stem cell proliferation (MYC, SOX11) and cardiac ventricle morphogenesis (TNNI1, TBX5, SOX11) (21) . Notably, similar to what was found during hESC to embryonic CM differentiation, a large group of early developmental genes including most cardiac TFs maintain low mCpG despite transcriptional activity changed during development, indicating their expression is largely independent of DNA methylation. Moreover, an array-based DNA methylation analysis defined a subset of 16 differentially methylated CpG loci enabling characterization of human atrial and ventricular cardiac tissue samples (22) .
Taken together, the dynamics of mCpG and gene expression indicates an important regulatory role of DNA methylation during cardiac development and maturation.
Additional evidence comes from studies that manipulate DNA methylation modifying enzymes. Knockdown of Dnmt3a causes disrupted sarcomere assembly, decreased beating frequency, and defective contractile movement in mouse embryonic CMs. This is associated with decreased methylation levels in the promoters of Myh7, Myh7b, Tnni3, and Tnnt2, consistent with the upregulation of these genes caused by DNMT3A siRNA (23) . Similarly, deletion of Dnmt3a and Dnmt3b genes prevents postnatal de novo methylation of fetal troponin I isoform (Tnni1) and partially relieves repression of Tnni1 (24) . These data are consistent with DNA methylation profiling of embryonic and postnatal CMs (21), suggesting that de novo methylation of embryonic developmental genes by DNMT3A/B is important for the perinatal switch in sarcomere protein isoforms and postnatal cardiomyocyte maturation. Compared with DNMTs, the functions of TET enzymes during cardiac development are less studied.
Tet3-deficient mouse embryonic stem cells showed impaired neural conversion, with skewing toward cardiac mesoderm by modifying Wnt signaling (25) . In the zebrafish model, tet2/3 regulate proepicardial cell migration by regulating genes associated with extracellular matrix (ECM) organization. Larvae mutant for tet2 and tet3 fail to demethylate genes encoding Inhbaa in endocardium and Sox9b in myocardium, leading to defects in extracellular matrix needed to form valves and to recruit epicardial progenitors onto the heart tube (26) .
However, how active DNA demethylation is targeted to regulate specific genes during cardiac development remains largely unknown. Since during prenatal development and postnatal maturation, regions that lose mCpG are premarked with 5hmC (21), TETs might play functions in activating these genes through active DNA demethylation.
DNA Methylation and CVD
While DNA methylation was originally identified playing roles in the establishment of cellular identity during embryogenesis, a number of recent studies suggest that changes in DNA methylation states is also associated with adult diseases, including CVD pathophysiology. Cardiovascular risk factors such as smoking and high fat diet result in dysregulated DNA methylation (27) . DNA methylation-based estimation of "biology age" is well correlated with incident of cardiovascular disease risk in a 10-year follow-up study (28) . Moreover, several studies have identified altered mCpG patterns in the hearts of patients suffering from dilated cardiomyopathy (DCM), ischemic cardiomyopathy (ICM) and heart failure (HF) (5, 21, (29) (30) . Combining DNA methylation patterns with gene expression analyses, several new candidate genes not previously linked with CVD were identified with altered methylation status correlated with abnormal gene expression, including DUX4 in end-stage HF, and LY75 and ADORA2a in DCM (29) (30) . Knockdown of these genes in zebrafish induces cardiac dysfunction, indicating these genes play functions relevant to CVD pathophysiology.
However, compared with developmental dynamics, the observed changes of CpG methylation in CVD is much smaller in scale.
A genome-wide methylation study using human adult failing and non-failing CM nuclei suggested that disease-associated changes in gene expression are accompanied by concordant alterations in active histone marks, while diseaseassociated alterations of mCpG are rare and not directly linked to gene expression (21) , which is conflict with other studies (29) (30) . One possible reason for the conflict is that previous studies were performed in heart tissue rather than purified CMs and therefore identified disease-associated DMRs (differentially methylated regions) could potentially arise from genes in noncardiomyocyte lineages in the heart.
Another complication is that bisulfite sequencing, which is used to resolve DNA methylation patterns at the single nucleotide level, does not discriminate between 5mC and 5hmC. A study using CMs from failing murine hearts showed also that mCpG is relatively stable in HF (24) . However, using less stringent criteria, they identified more disease-associated DMRs, and demonstrated that methylation levels at these DMRs partially resemble the newborn CpG methylation pattern. Importantly, the 5hmC landscape, representing an intermediate in TET-mediated DNA demethylation, shows a similar pattern shift. Recent studies demonstrated that 5hmC is also an epigenetic feature that accompanies transcriptional changes (31) . 5hmC marks the body of highly expressed genes as well as distal regulatory regions with enhancer activity. Further analysis demonstrated that 5hmC levels decrease during the induction of cardiac hypertrophy. Genome-wide distribution of 5hmC positively correlates with gene expression and shifts toward a neonatal like distribution pattern following pathological hypertrophy (31) . Mechanistically, absolute 5hmC content correlated positively with Tet2 expression.
Depletion of 5hmC via knockdown down of Tet2 affects the expression of key cardiovascular genes, including Myh7, Mycod, Srf, and Klf4 (31) .
In addition to TET enzymes, DNMT3A is downregulated in patients with tetralogy of Fallot (TOF) and upregulated in activated cardiac fibroblasts, leading to cardiac fibrosis (32) (33) . Dnmt3a heterozygous KO mice have reduced heart rate variability, which may induce adult heart failure (34) . These data demonstrate both TETs and DNMTs play important roles during CVD pathophysiology.
Conclusions and Perspectives
Knowledge of the role for DNA methylation modification in cardiac development and CVD has substantially increased over the last decade. It has become clear that DNA methylation and demethylation contribute to cardiac embryonic development, postnatal maturation, as well as CVD pathophysiology.
However, our understanding of DNA methylation regulation during cardiovascular development and disease remains limited. It is challenging to determine if DNA methylation modification and transcriptional output are causally related, or if methylation changes are merely associated with another regulatory mechanism. In some cases it is still debatable whether DNA methylation changes in CVD are broad or negligible. Additional studies need to investigate more thoroughly whether observed DNA methylation changes in fact translate to downstream biological effects.
Although the scope of this review focuses on DNA methylation and demethylation, it should be noted that multiple epigenetic regulatory mechanisms such as histone modification, ATP-dependent chromatin remodeling and non-coding RNAs co-occur and are closely inter-connected during cardiac development and CVD. Novel technologies with integrative approaches make it feasible to combine different layers of epigenetic landscapes in a spatiotemporal manner and further address how the interplay between different epigenetic mechanisms relates to cardiac development and disease. These studies will be invaluable in understanding the molecular mechanisms involved in cardiac development and disease and serve as a roadmap for hESC or iPSC based therapies to regenerate and repair injured cardiac tissues.
